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The influence of the components of a compound based on a chlorine-containing epoxy oligomer on the rheokinetic laws governing its curing was investigated. It was established that the filler slows down the curing of the compound. The constants of the processes of viscous flow and curing of the compound were determined.
In the creation of modern, technically complex compounds, it is necessary to tackle the problem of protecting highly filled polymer composites (HFPCs) against the action of high-temperature gas flows. For this, different heatproof coatings are used, in particular coatings based on filled epoxy composites [1] [2] [3] .
One way to apply coatings to HFPCs is to cast the compound into a gap. Here, the parameters of the process of applying coatings depend substantially on the rheological properties of the compound, which are determined by the properties of the initial components.
In this context, investigations were conducted on the rheokinetic laws governing the curing of a composite based on the chlorine-containing epoxy oligomer (I): I a liquid aromatic amine curing agent [4] and a compound comprising the given composite with a mineral filler based on kaolinite (II):
Al 4 [Si 4 O 10 ](OH) 8 II
One of the main factors determining the rheological properties of the composite and compound is the viscosity of the chlorine-containing epoxy oligomer. Experimental data from studying the temperature dependence of the viscosity of this oligomer are given in Table 1 . The temperature dependence of the viscosity of reactive epoxy oligomers is described by the following expression [5] :
where η is the viscosity, T is the temperature, η ∞ is a constant, E η is the effective activation energy of the process of viscous flow, and R is the universal gas constant.
The temperature dependence of the viscosity of the chlorine-containing epoxy oligomer in ln η-1/T coordinates has the form of a straight line (Figure 1 ).
The process constants of viscous flow of the chlorinecontaining epoxy oligomer, calculated on the basis of experimental data, are as follows:
It must be pointed out that the effective activation energy of viscous flow of the chlorine-containing epoxy oligomer is considerably lower than that of epoxy oligomer ED-20, which amounts to 63.0 kJ/mol [6] .
In order to accelerate the curing of the composite containing the epoxy oligomer, resorcinol (III) was introduced. This activates the epoxy group as it interacts with the amine curing agent.
III
To study the influence of the components of the composite and compound on their rheological characteristics, comparative investigations were made of the change in viscosity with time at different temperatures of a composite based on chlorine-containing epoxy oligomer with a curing accelerator, a liquid aromatic amine curing agent, and a filled compound with the use of the same components ( Tables 2 and 3) .
Here, the ratios of the components -the chlorinecontaining epoxy oligomer, with curing accelerator introduced -to the liquid aromatic amine curing agent in the composite and in the compound were identical.
To describe the change in viscosity as a function of time for the reactive epoxy oligomer composites, use is often made of the following exponential expression [2, 3, 5] :
where η is the viscosity, τ is the time, η 0 is a constant, and k is a rheokinetic constant characterising the rate of increase in viscosity.
The analysis conducted of the obtained results showed that, for the composite and the compound based on chlorine-containing epoxy oligomer, the time dependence of viscosity in ln η-τ coordinates in the investigated time range and at temperatures of 21-35°C has a linear nature (Figures 2 to 5). Here it was established that the introduction of filler into the composite raises its viscosity, and, at the initial stage of curing of the compound, the filler lowers the rate of increase in viscosity at temperatures of 25-35°C by comparison with the composite, as can be seen from the data in Table 4 .
The process of formation of a three-dimensional structure of the epoxy oligomer is known [2, 7] to include three main stages: the initial stage of formation of a mainly linear polymer, the stage of formation of three-dimensional aggregates (the microgel state), and the stage of formation of a continuous three-dimensional structure.
The rheokinetics of curing of filled epoxy compounds depends on the kinetic parameters of curing of the epoxy oligomer, the nature and content of the filler, and its degree of dispersion [7, 8] .
In view of this, we determined the rheokinetic parameters of curing of the composite and of the compound based on chlorine-containing epoxy oligomer with curing accelerator and aromatic amine curing agent introduced.
The temperature dependence of the rheokinetic constant is described by the Arrhenius equation [5] :
where κ is the rheokinetic constant, κ ∞ is a constant, E κ is the effective activation energy of the curing process, T is the temperature, and R is the universal gas constant.
Combined solution of equations (1) to (3) makes it possible to obtain an expression reflecting the dependence of the viscosity of the composite and compound on temperature and time:
For the initial stage of curing of the composite and compound, on the basis of experimental data, the constants of the processes of viscous flow and curing were calculated:
International , E κ = 43.5 kJ/mol
It must be pointed out that both the composite and the compound are characterised by a higher effective activation energy of the process of viscous flow and greater viscosity by comparison with the epoxy oligomer.
In the composite this is due to the influence of the aromatic amine curing agent of the epoxy oligomer and the curing accelerator resorcinol, and in the compound to the additional introduction of filler, raising the viscosity of the composite.
It must be pointed out that the values of the effective activation energies of the curing of the composite and compound are in agreement with published data on the activation energy of curing of epoxy oligomers by amines, which lies in the range 46.2-71.4 kJ/mol [5] .
The values of the constants of the processes of viscous flow and curing of the compound make it possible to calculate the dependence of the viscosity of the compound on temperature and time ( Figure 6) , and also to plot the viscosity-temperature-time diagram (Figure 7) , which are necessary for selecting the optimum conditions for processing of the compound.
A determining factor imposing constraints on the temperature and time parameters of processing and curing of the compound and composite based on chlorinecontaining epoxy oligomer is the process of gelation of the compound. In this connection, we determined the kinetic parameters of the process of gelation of the compound and composite. The gelation time of the compound and composite was determined from the moment of loss of flow at a temperature of 80-100°C (Table 5 ). The temperature dependence of the gelation time of epoxy oligomer composites has the following form [5, 9] :
where τ is the gelation time, τ ∞ is a constant, E g is the effective activation energy of the gelation process, T is the temperature, and R is the universal gas constant.
The temperature dependence of the gelation time of the compound and composite based on chlorinecontaining epoxy oligomer in ln τ-1/T coordinates is given in Figure 8 .
From Figure 8 it can be seen that the introduction of filler increases the gelation time of a compound based on chlorine-containing epoxy oligomer by comparison with the composite.
The constants of the gelation process of the composite and compound, calculated on the basis of experimental data ( Table 5) , have the following values:
for the composite -
for the compound -
The values of the effective activation energy of the gelation process of the composite and compound based on chlorine-containing epoxy oligomer are similar to the value of the effective activation energy of the curing of the composite and compound that is calculated by formula (3). This gives grounds for using equation (5) to calculate the gelation time of the compound and composite for a temperature below 80°C.
Use of the Bayley criterion [5] :
where τ* is the critical time and τ(T) is a dependence described by formula (5), makes it possible to calculate different temperature and time regimes for the curing of articles.
The kinetics of curing of the composite and compound was studied from the relative change in the compression modulus E rel at a temperature of 60°C on an ROP instrument (developed by the Institute of Chemical Physics of the USSR Academy of Sciences) ( Table 6 ).
The relative change in the compression modulus was determined in the following way: E rel = (E c /E f ) · 100%, where E c is the current compression modulus and E f is the final compression modulus.
From the data given in Table 6 it is possible to determine the time necessary for curing of the compound and composite at 60°C, and also to conclude that the filler increases the curing time of the compound by comparison with the composite. This conclusion is consistent with data on the kinetics of change in the viscosity of the composite and compound at temperatures of 25-35°C, Thus, a study was made of the influence of the components of the composite and compound on the rheokinetic laws governing their curing. It was shown that the filler slows down the curing of the compound by comparison with the composite.
The established rheokinetic laws governing the curing of the composite and compound make it possible to select the optimum conditions of processing and curing of the compound that are needed for high-quality articles to be produced. 
